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Thermodynamics of the DNA Structural Selectivity of the Pol I
DNA Polymerases from Escherichia coli and Thermus aquaticus
Andy J. Wowor, Kausiki Datta, Hiromi S. Brown, Gregory S. Thompson, Sreerupa Ray, Anne Grove,
and Vince J. LiCata*
Department of Biological Sciences, Louisiana State University, Baton Rouge, Louisiana

ABSTRACT Understanding the thermodynamics of substrate selection by DNA polymerase I is important for characterizing the
balance between replication and repair for this enzyme in vivo. Due to their sequence and structural similarities, Klenow and
Klentaq, the large fragments of the Pol I DNA polymerases from Escherichia coli and Thermus aquaticus, are considered functional homologs. Klentaq, however, does not have a functional proofreading site. Examination of the DNA binding thermodynamics of Klenow and Klentaq to different DNA structures: single-stranded DNA (ss-DNA), primer-template DNA (pt-DNA),
and blunt-end double-stranded DNA (ds-DNA) show that the binding selectivity pattern is similar when examined across
a wide range of salt concentration, but can signiﬁcantly differ at any individual salt concentration. For both proteins, binding of
single-stranded DNA shifts from weakest to tightest binding of the three structures as the salt concentration increases. Both Klenow and Klentaq release two to three more ions when binding to pt-DNA and ds-DNA than when binding to ss-DNA. Klenow
exhibits signiﬁcant differences in the DCp of binding to pt-DNA versus ds-DNA, and a difference in pI for these two complexes,
whereas Klentaq does not, suggesting that Klenow and Klentaq discriminate between these two structures differently. Taken
together, the data suggest that the two polymerases bind ds-DNA very differently, but that both bind pt-DNA and ss-DNA similarly, despite the absence of a proofreading site in Klentaq.

INTRODUCTION
Escherichia coli DNA polymerase I (Pol I) possesses three
enzymatic activities: a 50 / 30 DNA polymerase activity,
a 30 / 50 exonuclease activity that mediates proofreading,
and a 50 / 30 nuclease activity used for nick translation
during DNA repair. Removal of the 50 / 30 exonuclease
domains from the full length Pol I DNA polymerases from
E. coli and Thermus aquaticus yields the Klenow and Klentaq
large fragment domains (1,2). Structural and biochemical
studies have shown that Klenow possesses both 50 / 30 polymerase and 30 / 50 exonuclease (editing) activities (3–6)
whereas Klentaq only possesses the 50 / 30 polymerase
activity (7). Cocrystal structures are available for Klenow in
the editing mode (8,9) and for Klentaq in several individual
steps of the polymerization mode (7,10). The x-ray crystal
structures of Klenow and Klentaq polymerases show that
these polymerases have very similar structures (3,10,11),
although Klenow is a mesophilic protein that denatures
between 40 C and 62 C, depending on solution conditions,
whereas Klentaq is a thermophilic protein and is stable to
~100 C (12,13). The polymerase domains of these proteins
share a common architectural feature that resembles a half-
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open right hand with fingers, thumb, and palm subdomains
(14). The thumb subdomain binds the duplex region of
DNA whereas the fingers subdomain binds the incoming
dNTP (3,7,8). The palm subdomain, consisting of the
conserved active site residues, orients the primer strand for
phosphodiester bond formation (3,8). Several biochemical,
crystallographic, and spectroscopic studies have examined
the interactions of DNA with the editing domain of Klenow
(9,15–18). The cocrystal structure of Klenow in editing
mode shows the last four nucleotides of the primer strand
melted out of a duplex DNA, and bound to the editing domain
(9,16). A few recent studies, however, have questioned
whether this number is absolute, or if it can be shorter (three
basepairs melted) (19) or longer (A. J. Richard and V. J.
LiCata, unpublished observation).
Previous studies in our laboratory have shown that 1),
Klenow binds ~150 tighter to primer-template DNA
than Taq/Klentaq across a wide range of salt conditions
and temperatures; 2), the KCl and MgCl2 sensitivities and
linkages (vln(1/Kd)/vln[KCl]) differ for the two polymerases; 3), the two proteins both have unusually high DCps
of binding to pt-DNA; and 4), at their physiological temperatures, the DNA binding of both proteins is enthalpy driven
(20–22).
The heat capacity change (DCp) is the temperature dependence of the enthalpy of a reaction. Higher DCp of binding
has been shown to be often associated with sequence-specific
DNA binding, however, we have shown previously that
Klenow and Klentaq are two of several nonsequence-specific
DNA binding proteins that show a substantial heat capacity
change on binding (22,23). To further understand the DNA
doi: 10.1016/j.bpj.2010.03.021
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DNA used for binding experiments

Single-stranded DNA (ss-DNA)
13-mer
50 -TCGCAGCCGTCCA-30
20-mer
50 -TCGCAGCCGTCCAAGGGTTT-30
63-mer
50 -TACGCAGCGTACATGCTCGTGACTGGGATAACCGTGCCGTTTGCCGACTTTCGCAGCCGTCCA-30
Primer-template DNA (pt-DNA)
13/20-mer
50 -TCGCAGCCGTCCA-30
30 -AGCGTCGGCAGGTTCCCAAA-50
63/70-mer
50 -TACGCAGCGTACATGCTCGTGACTGGGATAACCGTGCCGTTTGCCGACTTTCGCAGCCGTCCA-30
30 -ATGCGTCGCATGTACGAGCACTGACCCTATTGGCACGGCAAACGGCTGAAAGCGTCGGCAGGTTCCCAAA-50
hp-39
AAGGCTACCTGCATGA-30
AGCCGATGGACGTACTACCCCCC-50
Double-stranded DNA (ds-DNA)
20/20-mer
50 -TCGCAGCCGTCCAAGGGTTT-30
30 -AGCGTCGGCAGGTTCCCAAA-50
63/63-mer
50 -TACGCAGCGTACATGCTCGTGACTGGGATAACCGTGCCGTTTGCCGACTTTCGCAGCCGTCCA-30
30 -ATGCGTCGCATGTACGAGCACTGACCCTATTGGCACGGCAAACGGCTGAAAGCGTCGGCAGGT-50
hp-32
AAGGCTACCTGCATGA-30
AGCCGATGGACGTACT-50
hp-46
AAGGCTACCTGCATGATAATTGG-30
AGCCGATGGACGTACTATTAACC-50

binding thermodynamics of these polymerases, we have
characterized the binding of Klenow and Klentaq to different
DNA structures, including single-stranded, primer-template,
and blunt-end double-stranded DNA. Primer-template DNA
has been shown to be the substrate for DNA replication (24),
whereas single-stranded and blunt-end DNA have been suggested to be substrates for DNA repair (25,26). Singlestranded DNA has also been shown to be the substrate for
the proofreading site of Klenow (15), and possibly the
cognate ligand for the recently identified RRRY binding
site in the fingers domain of both polymerases (18), so it is
of some interest to determine if ss-DNA can bind to Klentaq,
which lacks a proofreading site. Blunt-end DNA is a substrate
for the nonhomologous end joining repair pathway, and has
been suggested to be a substrate for Klenow (25,26).
Because many bacteria, including E. coli, do not encode
for the proteins normally associated with nonhomologous
end joining, it is possible that polymerases or other proteins
may at least partially serve a parallel purpose by protecting
double-stranded end breaks.
The thermodynamic profiles for a protein-DNA interaction can include changes in free energy (DG), enthalpy
(DH), entropy (DS), heat capacity (DCp), and linked ion
release on binding. Klenow binds primer-template DNA
(pt-DNA) and blunt-end double-stranded DNA (ds-DNA)
with different thermodynamic profiles whereas Klentaq
binds these DNA similarly. Klenow binds pt-DNA more
tightly than ds-DNA at all salt concentrations, whereas
Klentaq binds these two DNA structures identically at all
salt concentrations. For both proteins, binding of singlestranded DNA shifts from weakest to tightest binding of
the three structures as the salt concentration increases.
The fact that Klenow can bind DNA in both polymerase
and editing modes whereas Klentaq can only bind DNA
in polymerase mode does not completely explain their
different thermodynamics and DNA structural selectivity.
Biophysical Journal 98(12) 3015–3024

MATERIALS AND METHODS
Materials and Methods are available in the Supporting Material, and include
descriptions of the preparation of oligonucleotides and proteins, the fluorescence anisotropy assay, analysis of equilibrium, stoichiometric, and competitive binding titrations, isothermal titration calorimetry, electrophoretic
mobility shift assays, and isoelectric focusing gels.

RESULTS AND DISCUSSION
The binding stoichiometry of Klenow and Klentaq
polymerases to different DNA structures
Table 1 shows the different DNA constructs used in this
study. The stoichiometries of binding of Klenow and
Klentaq polymerases were determined for each construct
using several different experimental approaches: fluorescence anisotropy titrations, isothermal titration calorimetry,
and electrophoretic mobility shift assays (gel shift). Results
are summarized in Table 2, and representative data are
included in the Supporting Material. Unlike equilibrium
titrations where one reactant is kept well below the Kd, in
stoichiometric titrations both protein and DNA concentrations are >>Kd to ensure saturation/stoichiometric binding.
Data are then fit with Eq. S1 to determine the binding stoichiometry, which is near 1:1 for all complexes examined. The
steady-state fluorescence of ROX does not change when
protein is added indicating that the protein is not interacting
with the dye. Furthermore, unlabeled DNA added to such
stoichiometric titrations competes directly with the ROXlabeled DNA (data not shown).
The stoichiometries of Klenow and Klentaq polymerases
binding to different DNA structures were also obtained from
isothermal titration calorimetry. Numerical values are also
given in Table 2. Both fluorescence anisotropy and isothermal
titration calorimetry indicate that both Klenow and Klentaq
polymerases form 1:1 complexes with these DNA. There is
no strong evidence for protein/DNA ratios >1:1, even
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TABLE 2 Stoichiometric ratios of protein/DNA binding
determined using ﬂuorescence anisotropy and ITC*
Fluorescence anisotropy
DNA
pt-13/20
pt-63/70
ss-20
ss-63
ds-20/20
ds-63/63

y

Klenow
k

0.89
1.1
ND
ND
0.6
0.75

ITC
z

x

Klentaq
k

1.0
1.15k
ND
0.8
1.0
1.25

Klenow

Klentaq{

0.8
1.0
0.9
0.8
1.2
0.9

0.9
1.35
1.35**
ND
1.1**
ND

ITC, isothermal titration calorimetry. ND, not determined.
*All errors are <50.1 except as noted by superscript ‘‘**’’ All anisotropy
titrations were carried out at 25 C. All ITC titrations were carried out at
30 C.
y
Klenow anisotropy titrations were carried out in 10 mM Tris, 5 mM MgCl2,
pH 7.9, and a KCl concentration of either 200 mM (13/20-mer) or 300 mM
(63/70-mer, 20/20-mer, and 63/63-mer).
z
Klentaq anisotropy titrations were carried out in the same buffer with either
5 mM KCl (ss-DNA), 50 mM KCl (pt-DNA), or 75 mM KCl (ds-DNA).
x
Klenow ITC titrations were carried out in the same buffer with 300 mM KCl
(pt- and ds-DNA), or 75 mM KCl.
{
Klentaq ITC titrations were carried out in the same buffer with either 5 mM
KCl (ss-63 mer) or 75 mM KCl (all others).
k
From Datta and LiCata (20).
**Klentaq ss-20: 50.12, ds-20/20: 50.25.

considering the following outliers: Klenow þ ds-20/20 by
fluorescence anisotropy and Klentaq þ 63/70-mer by ITC.
These results agree with earlier direct determinations of
binding stoichiometry by our lab (20) and from von Hippel
et al. (19), but conflict with reports of Klenow dimerization
from Millar et al. (27). Analytical ultracentrifugation and
small angle x-ray scattering also report that Klenow and Klen-

A

C

taq bind these DNAs with 1:1 stoichiometry (A. J. Wowor and
V. J. LiCata, and A. J. Richard and V. J. LiCata, unpublished
observation). It is particularly noteworthy that 1:1 binding
stoichiometry is maintained even on the longer constructs
(ds-63/63 mer and pt-63/70 mer), where one might expect
that proteins could bind to both ends of the construct. This,
however, is clearly not the case (Table 2 and Fig. S1). The
origins of this curious but consistent observation are not yet
understood. DNA constructs longer than 63/70-mer have not
yet been examined with either polymerase, but no complexes
with >1:1 stoichiometry were detected by fluorescence
anisotropy, calorimetry, or gel shift assays for either polymerase with any DNA constructs in this study.
DNA structural selectivity
The DNA structures used in this study are single-stranded
DNA (ss-DNA), primer-template DNA with a 7 base ssoverhang (pt-DNA), and blunt-end double-stranded DNA
(ds-DNA). The fluorescence anisotropy binding assay, for
these proteins, will resolve binding affinities and produce
well behaved titration curves across the nanomolar range
(~10 nM to 1 mM) (23). Because the binding affinity of
Klentaq for DNA is consistently weaker than that of Klenow,
to obtain data in the same relative affinity range requires
titrating the two proteins across different salt concentration
ranges. Fig. 1 shows Klenow and Klentaq binding to these
DNA structures at 25 C at two different salt concentrations
for each protein. At both KCl concentrations shown in
Fig. 1, the binding affinity trend for Klentaq is ds-DNA z
pt-DNA >> ss-DNA. For Klenow, increasing the salt

B

D

FIGURE 1 DNA structure dependence of binding by
Klenow and Klentaq polymerases. Shown are representative equilibrium titrations of the polymerases and singlestranded DNA (ss-13) (), primer-template DNA
(pt-13/20) (-), and double-stranded DNA (ds-20/20)
(A). (A and C) Klenow titrations carried out at 25 C in
10 mM Tris, 5 mM MgCl2, and 300 mM KCl (A) or 200
mM KCl (C) at pH 7.9. (B and D) Klentaq titrations carried
out at 25 C in 10 mM Tris, 5 mM MgCl2, and 75 mM KCl
(all curves in B), 25 mM KCl (pt-DNA and ds-DNA in D),
or 5 mM KCl (ss-DNA in D) at pH 7.9. Lines show the fits
to single-site isotherms (Eq. 2).

Biophysical Journal 98(12) 3015–3024
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concentration across the experimentally accessible range
produces a change in the binding hierarchy, and curves are
shown at 200 mM KCl and 300 mM KCl (see Table S1,
Table S2, Table S3, and Table S4 for Kd values). Although
examination of the binding curves within these experimentally accessible windows suggests differing structural
selectivity for the two polymerases, such substrate affinity
hierarchies are dependent on the salt concentration. In the
next section, we show that one observes very similar binding
hierarchy patterns for the two proteins when one examines
binding trends over very wide salt concentration ranges.
KCl dependence of DNA binding by Klenow and
Klentaq polymerases
Fig. 2, A and B, show the thermodynamic linkage plots for
binding of different DNA structures by Klenow and Klentaq
polymerases as a function of KCl concentration (vln(1/Kd)
versus vln[salt]). The negative slopes of the linkage plots
indicate the net ion release on protein-DNA complex formation. Datta and LiCata (20) have shown that the length of
DNA (pt-13/20 and pt-63/70) and temperature (25 C and
60 C) have no significant effect on the number of ions
released. The linkage plots show Klenow binding to shorter
DNA and Klentaq binding to longer DNA (Fig. 2, A and B).
The linkage plots for Klenow show that binding to ss-DNA
is linked to the release of 2.1 ions while binding to pt-DNA
and ds-DNA is linked to the release of 4.4 and 5.4 ions,
respectively. The linkage plots for Klentaq indicates that
binding to ss-DNA releases 1.0 ion, binding to pt-DNA
releases 2.8 ions, and binding to ds-DNA releases 3.2 ions.
The Kd values and associated error windows are reported
in Table S4 and Table S5, and in Datta and LiCata (20) for
pt-DNA. For each protein, the ion releases for pt- versus
ds-DNA are similar, whereas the ion release on ss-DNA
binding is significantly smaller. Klentaq consistently releases
fewer ions when binding the same DNA, suggesting either
a smaller binding footprint on the DNA for Klentaq, or
a linked ion uptake by the protein in Klentaq.
In Fig. 2, blunt-end double-stranded DNA binding is
always weaker than pt-DNA binding for Klenow, however,
at salt concentrations <225 mM KCl (<1.5 ln [KCl]),
the relative affinities of ss-DNA versus pt-DNA for Klenow
switches. Likewise, at salt concentrations <200 mM KCl
(<1.7 ln [KCl]), the affinity of Klenow for ss-DNA will
cross the ds-DNA line and become the lowest affinity
substrate. In contrast, for Klentaq the binding affinity hierarchy (ds-DNA z pt-DNA >> ss-DNA) does not change
with salt concentration across the range examined. It can
be seen in Fig. 2 B, however, that ss-DNA binding will
become the tightest substrate for Klentaq at salt concentrations R175 mM KCl, where the binding affinities of Klentaq
for DNA have decreased to the micromolar range.
If it is assumed that the salt linkages will remain linear,
and the experimental data of Fig. 2, A and B, are extrapolated
Biophysical Journal 98(12) 3015–3024
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A

B

C

FIGURE 2 KCl linkages (vln1/Kd versus vln[salt]) for the binding of Klenow (A) and Klentaq (B) to ss-DNA, pt-DNA, and ds-DNA. The slopes of
the plots give the thermodynamic net average number of ions released on
complex formation. Klenow titrations were carried out at 25 C in 10 mM
Tris, 5 mM MgCl2, and 200–300 mM KCl at pH 7.9 whereas Klentaq titrations were carried out at 25 C and pH 7.9 in 10 mM Tris, 5 mM MgCl2, and
5–50 mM KCl concentration range for ss-DNA binding and 50–150 mM
KCl concentration range for pt-DNA and ds-DNA binding. pt-DNA data
for Klenow and Klentaq include data from Datta and LiCata (20). (C) Salt
linkages for both polymerases, re-plotted together and extrapolated over
the same salt concentration range. These plots show Klenow binding to
shorter DNA and Klentaq binding to longer DNA.

over correspondingly wide salt concentration ranges, one
immediately finds that the affinity patterns for the two
proteins are very similar (Fig. 2 C). For both polymerases,
binding affinities for pt-DNA and ds-DNA are very close
to each other over several ln units of KCl concentration,
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TABLE 3 The differences in free energies between pt-DNA and
blunt-ended ds-DNA binding by Klenow polymerase assayed
via both ﬂuorescence anisotropy and gel shift, and using both
duplex and hairpin DNA constructs
DNA structure*

DG (kcal/mol)y

pt-13/20 FA
ds-20/20 FA
pt-63/70 FA
ds-63/63 FA
pt-13/20 GS
ds-20/20 GS
hp-39 FA
hp-32 FA
hp-39 FA
hp-46 FA
hp-39 GS
hp-32 GS
hp-39 GS
hp-46 GS

10.90 5 0.02
10.25 5 0.01
11.52 5 0.02
11.17 5 0.04
9.86 5 0.09
9.31 5 0.14
11.65 5 0.05
10.44 5 0.17
11.65 5 0.05
10.50 5 0.13
9.64 5 0.12
8.80 5 0.24
9.64 5 0.12
9.02 5 0.18

DDG (kcal/mol)z
0.65
0.35
0.55
1.21
1.15
0.84
0.62

*FA, fluorescence anisotropy; GS, gel shift or electrophoretic mobility shift
assay. pt-13/20, pt-63/70, and hp-39 are primer-template DNA whereas
ds-20/20, ds-63/63, hp-32, and hp-46 are blunt-end, double-stranded DNA.
y
pt-13/20, ds-20/20, pt-63/70, and ds-63/63 FA titrations were carried out at
25 C in 10 mM Tris, 5 mM MgCl2, and 300 mM KCl at pH 7.9 whereas
hp-32, hp-39, and hp-46 FA titrations were carried out at 25 C in 10 mM Tris,
5 mM MgCl2, and 5 mM KCl at pH 7.9. For gel shift data, all titrations were
carried out at 25 C in 10 mM Tris, 5 mM MgCl2, and 50 mM KCl at pH 7.9.
z
DDG ¼ DGpt  DGds and represents how much tighter the pt-DNA binds in
each pair.

whereas ss-DNA binding is significantly weaker at low KCl
and switches to being the tightest binding substrate at salt
concentrations near or slightly above physiological ionic
strength. The smaller ion release in DNA/Klentaq complexes
relative to DNA/Klenow complexes suggests that Klentaq
has a smaller footprint when binding to DNA that may be
because Klentaq does not have an editing binding site.
That may also contribute to the fact that the DNA/Klentaq
binding is weaker than DNA/Klenow binding.
Contributions of the single-stranded region of the
template DNA to Klenow binding
Fig. 2, A and B, also show that Klentaq binds pt-DNA and
ds-DNA with nearly identical affinity across a wide range
of salt concentrations, and that Klenow binds pt-DNA %
0.8 kcal/mol tighter than ds-DNA across a relatively wide
range of salt concentration. This result is consistent when
we examine Klenow binding to a variety of different ptand ds-DNAs, and with both fluorescence anisotropy and
gel shift assays. Fig. 2 C even suggests that the affinities
for pt- versus ds-DNA will reverse at very low salt.
Table 3 shows values for a variety of different direct
measurements of the difference in free energy of Klenow
binding to pt- and ds-DNA. The mean for these measurements, with different constructs and differing methods, is
0.77 kcal/mol. For hairpin structures, the primer-template
versus blunt-end DNA difference is slightly larger (mean

DDG of 0.96 kcal/mol) relative to duplex constructs
(mean DDG of 0.52 kcal/mol). There are no significant
differences between DDG values from fluorescence anisotropy versus gel shift. Klenow binding to hp-32 using gel
shift is shown in Fig. S2. These differences between ptand blunt-end bindings are considerably smaller than that
reported in another recent study (28), but that study did not
measure direct binding but estimated binding differences
from differences in competitive nucleotide incorporation
into different constructs. The competitive nucleotide incorporation measurements estimated a 3 kcal/mol greater
affinity of Klenow for pt-DNA with a 6-base ss-overhang
relative to blunt-end DNA. This difference would predict
that if Klenow encountered equal concentrations of ptDNA and blunt-end DNA, it would be 170 times more likely
to bind to the pt-DNA. The direct binding results in this
study, however, show that there is at most a 0.8 kcal/mol
difference in binding between these two structures, which
translates into only a fourfold greater likelihood to bind ptDNA. This small(er) difference lends more support to the
potential physiological significance of previous demonstrations that Klenow and Klentaq polymerases can participate
in nonhomologous end joining in part via protection of the
ds-end of the DNA (25,26). We believe the data of this study,
as discussed below, point to a clear difference in the thermodynamics and topology of the interaction of Klenow with dsversus pt-DNA, i.e., as the template overhang is shortened
one should observe a shift between two distinct binding
modes, rather than a gradual weakening of a pt-DNA binding
mode, and this would certainly affect assays that rely on
enzymatic activity for detection.
Enthalpies and heat capacities of binding of
different DNA structures by Klenow and Klentaq
The calorimetric enthalpies of binding by Klenow polymerase are plotted as a function of temperature (from 8 to
30 C) in Fig. 3, A and B. Under these conditions, Klenow
has a Tm of >52 C (13). The data are linearly fitted to determine the heat capacity changes (DCp ¼ the slope) for
Klenow binding to different DNA constructs. The displaced
dependence for ss-63 mer relative to the ss-20 mer is due to
the enthalpy of melting secondary structure in the ss-63 mer
construct. Thermal melts show that the ss-63 mer has some
secondary structure in solution (data not shown), and the
heat required to melt the secondary structure raises the DH
values for this construct, but does not alter DCp (slope in
Fig. 3 B). All individual DH and DCp values are reported
in Table S6, Table S7, and in Datta et al. (22). Fig. S3 shows
representative ITC data.
The calorimetric enthalpies of binding by Klentaq polymerase are plotted as a function of temperature in Fig. 4 A.
Again the data are linearly fitted to determine the heat
capacity changes (DCp). The DH and the DCp values are
reported in Table S8. Klentaq is stable to ~98 C under these
Biophysical Journal 98(12) 3015–3024
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FIGURE 3 Temperature dependence of the enthalpy change (DH) on
binding of Klenow to shorter and longer DNA structures determined by
calorimetry. (A) Binding enthalpies (DHcal) for ss-20 (), pt-13/20 (-),
and ds-20/20 (A). (B) Binding enthalpies for ss-63 (), pt-63/70 (-),
and ds-63/63 (A). Linear fits to the calorimetric data are used to obtain
the calorimetric DCp. The titrations were carried out in 10 mM Tris,
5 mM MgCl2, and 75 mM KCl for ss-DNA or 300 mM KCl for pt-DNA
and ds-DNA at pH 7.9. Data for both lengths of pt-DNA are from Datta
et al. (22).

conditions (12). In Fig. 4 B, the temperature dependence of
the Gibbs free energy of DNA binding, determined using
fluorescence anisotropy titrations, is plotted as a function
of temperature and then analyzed using Gibbs-Helmholtz
equation to obtain corresponding Gibbs-Helmholtz/van ’t
Hoff DCp values for binding the different constructs. It
should be noted that introduction of a temperature dependent
DCp for the ds-63/63 or ss-63 DNA does not significantly
improve the fits to these data (29). The Kd values and the
thermodynamics (DG, DH, TDS, and DCp values) are reported in Table S9, Table S10, and in Datta and LiCata
Biophysical Journal 98(12) 3015–3024

FIGURE 4 Temperature dependence of the binding of Klentaq to
different DNA structures. (A) Calorimetrically determined enthalpies
(DHcal) on binding of Klentaq to ss-20 (), pt-13/20 (-), and ds-20/20
(A). Linear fits to the calorimetric data are used to obtain the calorimetric
DCp values. The titrations were carried out in 10 mM Tris, 5 mM MgCl2,
and 75 mM KCl at pH 7.9. (B) Temperature dependence of the free energy
(DG) of binding of Klentaq to of ss-63 (), pt-63/70 (-), and ds-63/63 (A),
determined in equilibrium titrations by fluorescence anisotropy. Data for pt63/70 mer include data from Datta and LiCata (21). Lines are the fits to the
Gibbs-Helmholtz equation. A much lower salt concentration was used for ssDNA to bring the affinity of Klentaq for ss-DNA into a similar Kd range as
for pt-DNA and ds-DNA. The titrations were carried out in 10 mM Tris,
5 mM MgCl2, and 5 mM KCl for ss-DNA or 75 mM KCl for pt-DNA
and ds-DNA at pH 7.9. (C) van ’t Hoff enthalpies (DHvH) as a function of
temperature obtained from the Gibbs-Helmholtz analysis of the data in B
for ss-63 (), pt-63/70 (-), and ds-63/63 (A).
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definitely reflective of some DASAnonpolar in protein-DNA
interactions, but exact quantitative correlation does not
universally hold for any current model for this specific
class of interactions (29,30).
Lack of a universal precise quantitative correlation
between DCp and molecular properties for protein-DNA
interactions does not mean, however, that such values are
devoid of information. DCp values in protein-DNA interactions are still strong reflections of changes in the qualitative
nature of the molecular interaction and the types of noncovalent forces that dominate the binding (31). The different DCp
patterns in Fig. 5 relative to the binding of the same DNA by
Klenow and Klentaq indicate that the different affinities (DG
values for each type of DNA) are not simply changes in
strength of association in the same binding mode, but actually reflect different binding modes. Fig. 5 shows the mean
DCp values for all determinations (calorimetric and GibbsHelmholtz) for both polymerases for the longer DNA
constructs. Shorter DNA constructs yield the same patterns:
Klenow shows a large DCp of pt-DNA binding and significantly smaller DCps of binding to ss- and ds-DNA, whereas
Klentaq shows large DCp values for binding both pt- and dsDNA (DCp values are in Table S11). The ability of Klenow
to bind DNA in both polymerase and editing modes does not
explain these thermodynamic patterns, as the primary DCp
difference between Klenow and Klentaq is manifested on
binding to blunt-ended ds-DNA.
DNA length effects on polymerase binding

FIGURE 5 Mean DCp values (kcal/mol K) for the binding of Klenow (A)
and Klentaq (B) to different DNA structures. The results for the longer DNA
constructs are shown, and are the averages and standard deviations of all
DCp values obtained for each type of DNA with each polymerase, including
DCp data from Datta and LiCata (21) and Datta et al. (22).

(21). As seen previously with Klenow/DNA binding, the van
’t Hoff enthalpies of Klentaq/DNA binding are larger than
the calorimetric enthalpies, and this discrepancy has been
linked previously to protonation/deprotonation processes detected calorimetrically using buffers with differing ionization
enthalpies, but not in the anisotropy assay (22).
The DCp values for binding the different DNA structures are summarized for both polymerases in Fig. 5 and
Table S11. DCp has often been correlated at the molecular
level with changes in the accessible surface area (DASA)
on complex formation, and the balance of polar and
nonpolar surface within that DASA. In addition, large negative DCp values have often been associated with sequencespecific DNA binding. We have shown that neither of
these correlations holds quantitatively for Klenow and
Klentaq DNA binding (21,22). We and others have
strongly suggested that these correlations may hold for
some subset of protein-DNA interactions, but that neither
correlation holds quantitatively for DNA-protein interactions in general (29,30). As a general indicator, DCp is

Both Klenow and Klentaq bind longer ss-DNA tighter than
shorter ss-DNA. The DDG binding values between the
shorter and longer ss-DNA are 0.5 kcal/mol for Klenow
(Table S1) and 0.7 kcal/mol for Klentaq (Table S2). The
longer ss-DNA (63-mer) has some secondary structure in
solution at 25 C (see above), and both polymerases may
bind to those secondary structures tighter than the
completely single-stranded structure of the shorter 13-mer.
Despite the small differences in DG, the DCp values for
binding of both shorter and longer ss-DNA binding are
similar (Table S6).
As regards duplex DNA, both Klenow and Klentaq bind
longer pt- and ds-DNA tighter than shorter pt- and dsDNA (Table S1 and Table S2). The DDG values between
the shorter and longer pt-DNA binding by Klenow and Klentaq are 0.6 kcal/mol and 0.1 kcal/mol, respectively (Table S1
and Table S2), whereas the DDG values between the shorter
and longer ds-DNA binding by Klenow and Klentaq are
0.9 kcal/mol and 0.3 kcal/mol, respectively (Table S1 and
Table S2). These data suggest that the length of pt- and
ds-DNA affects the binding of Klenow more significantly.
Although the origins of these length dependencies are not
clear, several hypotheses are possible. Klenow binds DNA
with a higher ion release than Klentaq, suggesting that
Klenow binds DNA with a larger footprint than Klentaq.
Biophysical Journal 98(12) 3015–3024
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topology of binding of ds- versus pt-DNA to Klenow: i.e.,
because the DNA constructs used for Klenow and Klentaq
are identical, the difference in migration of pt-DNA/Klenow
versus pt-DNA/Klentaq must be due to a difference in how
many charges on the DNA are buried or blocked in the
two different complexes. One feature of native state IEF is
that it is sometimes sensitive to topological features beyond
a direct accounting of unit charges. These results thus
provide a visual demonstration of the differences in the ptand ds-DNA/Klenow complexes and underscore the thermodynamic results for these complexes.
FIGURE 6 Isoelectric focusing gel (pH 5–8) of Klenow and Klentaq apoproteins and protein-DNA complexes. Samples (l–6): Lane 1: Klentaq þ
13/20-mer, 80 pmol each; Lane 2: Klentaq þ 20/20-mer, 80 pmol each;
Lane 3: Klentaq alone, 40 pmol; Lane 4: Klenow alone, 40 pmol; Lane 5:
Klenow þ 13/20-mer, 80 pmol each; Lane 6: Klenow þ 20/20-mer,
80 pmol each.

Therefore, Klenow may require a longer DNA for proper
DNA binding. The 13-mer and 13/20-mer used in these
studies, although based on the kinetics studies of Benkovic
and associates (32), may in fact be slightly smaller than the
optimal binding size for the polymerases. Available crystal
structures all show smaller resolved DNA sections, and so
the optimal binding size remains debatable. As with the ssDNA, however, the different lengths of pt- and ds-DNA
binding by Klenow and Klentaq do not alter the DCp values
within error (Figs. 3 and 4).
Isoelectric point differences between ds- versus
pt-DNA/Klenow complexes
Thermodynamically, the differences in DG, DCp, and ion
release suggest that although Klentaq polymerase binds ptand ds-DNA similarly, Klenow binds them differently.
Native gel isoelectric focusing of the different complexes
is shown in Fig. 6. It can be seen that the two apo-proteins
essentially comigrate. The pI shift on complex formation
for Klentaq is similar with both DNAs, whereas the dsDNA/Klenow and pt-DNA/Klenow complexes show
distinctly different shifts. Because the ds-DNA/Klenow
complex migrates most similarly to the Klentaq complexes,
it remains difficult to identify the exact origins for the
differing association of Klenow with the two DNAs. For
example, if one hypothesizes that Klentaq, because it lacks
a proofreading active site, always binds in the polymerization mode, then by extrapolation ds-DNA/Klenow could be
in polymerization mode, whereas pt-DNA/Klenow might
be in editing mode. This, however, is contrary to the expectation that Klenow should bind a perfectly matched pt-DNA
construct predominantly in the polymerization mode (19).
The facts that the two apo-polymerases have equivalent pIs
and that identical DNA constructs are bound to each clearly
indicate that the observed pI shift between the two
complexes for Klenow originates from a difference in the
Biophysical Journal 98(12) 3015–3024

The magnesium chloride effect on DNA
and polymerase binding
Magnesium ions are required for both Klenow and Klentaq
enzymatic function (9,16,20,33–36). For DNA binding to
pt-DNA, whereas Mg2þ seems not to be absolutely essential,
it does clearly enhance binding affinity. Klenow seems to
especially require a minimal amount of free Mg2þ for high
affinity binding (20). Fig. 7 shows that magnesium ions
help Klenow differentiate primer-template (pt-DNA) from
blunt-end (ds-DNA) (see Table S12 for Kd values). Klenow
binds pt-DNA with similar affinities in the absence and
presence of MgCl2, but the affinity of Klenow for ds-DNA
is decreased by almost an order of magnitude (1.2 to
1.3 kcal/mol) when magnesium is present. On the other
hand, Klentaq binds ds-DNA with almost identical affinities
in the absence and presence of MgCl2, and binds pt-DNA
more tightly in the presence of Mg2þ. Adding Mg2þ to solution thus appears to function as an affinity switch for Klenow
binding to ds-DNA and to a lesser extent for Klentaq binding
to pt-DNA, but the Mg2þ switch acts in opposite directions
for the two polymerases. In contrast, added Mg2þ does not
have a significant effect on the binding affinity of Klenow
for pt-DNA or Klentaq for ds-DNA.
The RRRY motif and ss-DNA binding by Klenow
and Klentaq
Modak et al. (18) have recently identified a sequence they
call the RRRY motif, which is conserved across the Pol I
family and seems to be involved in ss-DNA binding of the
template portion of a melted DNA duplex during proofreading. Located near the base of the fingers subdomain,
mutations in this four-residue sequence in Klenow will
reduce the 30 -exonuclease activity by up to 29-fold (18).
The finding that Klentaq binds ss-DNA even though it
does not have a proofreading site suggests that the RRRY
site is binding capable in Klentaq, although its purpose in
Klentaq is unclear. The significantly weaker ss-DNA binding
by Klentaq relative to Klenow, and the release of fewer ions
on ss-DNA binding by Klentaq relative to Klenow, may
either be due to additional ss-DNA interactions with the
proofreading active site in Klenow that are absent in Klentaq,

Polymerase DNA Structural Selectivity

A

B

FIGURE 7 The effect of Mg2þ on the free energy of pt-DNA and ds-DNA
binding by Klenow (A) and Klentaq (B). DDG is the binding free energy in
the absence of MgCl2 minus the free energy of binding in the presence of
5 mM MgCl2 (DGabsence  DGpresence). Free energy of binding in these
experiments was measured via competition assays as described in Materials
and Methods. Mean and standard deviation of three determinations are
shown.

or may simply be a part of the overall reduction in binding
affinity for any/all DNA exhibited by Klentaq relative to Klenow. This raises the question of whether isolated ss-DNA
binds only to the RRRY motif even in Klenow, whereas
ss-DNA that has been melted out of a duplex DNA and is
being shifted to the editing mode, then binds the two melted
single-strands in the RRRY and exonuclease sites.
CONCLUSIONS
What do these thermodynamics say about the different
binding modes of the two proteins? For ss-DNA binding,
both proteins bind ss-DNA with the lowest ion release
and the lowest DCp. Yet for both proteins, the position
for ss-DNA binding in the binding hierarchy is the most
variable, switching from weakest to tightest binding as
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salt concentration increases for both proteins. Although
the switch occurs near 200 mM salt for both proteins,
within the physiological salt range ss-DNA binding is
the tightest in the hierarchy for Klenow, and weakest in
the hierarchy for Klentaq. In summary, it is noteworthy:
1), that ss-DNA binds to Klentaq at all; 2), that the DCp
of ss-DNA binding to both proteins is very similar, suggesting similar binding interfaces; and 3), that the position
of ss-DNA binding in the binding hierarchy for both
proteins changes very similarly with increasing salt
concentrations. These findings suggest that the recently
identified RRRY ss-DNA binding motif may be the
primary binding site for isolated ss-DNA in both polymerases. Klenow’s proofreading site clearly binds ss-DNA that
has been melted out of a bound duplex (4,8). Klentaq,
however, has no proofreading site, and is missing most
or all of the residues that have been biochemically associated with the proofreading site. If isolated ss-DNA were
binding primarily to the proofreading site in Klenow,
one might expect a more striking difference in the thermodynamics of ss-DNA binding to Klenow versus Klentaq,
although the smaller ion release on ss-DNA/Klentaq
binding (1 ion released) relative to ss-DNA/KF binding
(2 ions released) (Table S4 and Table S5) suggests that
Klentaq has a smaller footprint when binding to ss-DNA.
This observation correlates with the hypothesis that ssDNA binds to both the RRRY motif and the editing
binding site in Klenow and only binds to the RRRY motif
in Klentaq. Thus, Klenow and Klentaq may have different
structures when they bind to ss-DNA.
For ds-DNA versus pt-DNA binding, the results also highlight some notable binding characteristics. Klentaq binding
to pt-DNA and ds-DNA seem similar, if not identical, by
all thermodynamic criteria: the same DCp, the same affinities, and the same ion release. If only duplex constructs
had been used, one might hypothesize that Klentaq avoided
the pt-end of the DNA and bound only to the ds-end, but the
binding thermodynamics of Klentaq binding to primertemplate and blunt-end hairpin DNA shows that Klentaq
indeed binds to blunt-end DNA and primer-template DNA
almost identically.
Klenow, on the other hand, clearly thermodynamically
discriminates between ds-DNA and pt-DNA: the ion release
for binding the two structures differ by about an ion, their
binding free energies differ by slightly less than a kcal/mol,
their DCp values are very different, and the two complexes
have differing pI values. Even from a purely thermodynamic
point of view, the data suggest that the binding of ds-DNA to
Klenow is structurally different from pt-DNA binding. One
might expect that the single-stranded portion of the ptDNA would influence the thermodynamics of binding, but
because it does not do so in Klentaq, yet does in Klenow,
it points either to the contributions of editing mode binding
for Klenow, or suggests a unique ds-DNA binding mode
exists for Klenow’s interaction with blunt-end ds-DNA.
Biophysical Journal 98(12) 3015–3024
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Without further structure-based characterization, however,
these hypothesis cannot yet be resolved.
SUPPORTING MATERIAL
Methods and materials, twelve tables containing individual data values,
and three figures showing representative stoichiometric, gel shift, and
calorimetric titrations are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(10)00353-X.
This work was supported by the National Science Foundation. A.W. was
partially supported by the Louisiana Biomedical Research Network.
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